A well-coordinated interaction between extracellular signals and intracellular response forms the basis of life within multicellular organisms, with growth factors playing a crucial role in these interactions. Discoveries in recent years have shown that components of the Epidermal Growth Factor (EGF) signaling system have frequently been used by cancer cells to autonomously provide survival and proliferation signals. The main focus of this review is the ErbB epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases including ErbB1/EGFR, ErbB2/HER2/neu, ErbB3/HER3, and ErbB4/HER4 as therapeutic targets. Since the ErbB receptor family regulates cell proliferation through the Ras-mitogen-activated protein kinase (RAS/MAPK) pathway, and cell survival and transformation through the phosphatidylinositol 3-kinase (PI3K/AKT) pathway, pharmacological targeting of these pathways is also discussed. We will also address the clinical studies that have been conducted to evaluate antibody-based therapies mostly on solid tumors and hematologic malignancies.
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Introduction
Programmed cell death, or apoptosis, is crucial for the development, homeostasis, and regeneration processes during the lifetime of multicellular organisms [1] [2] [3] [4] . This so called "death per default" can be activated both by the self-activation of death receptors (autocrine suicide), or by the activation of the mitochondrial/apoptosome-dependent/intrinsic death pathway [5] [6] [7] . Active death signals may not be the only stimuli inducing apoptotic cell death, as apoptosis may also be a consequence of the lack of pro-survival signals mediating through cell surface receptors. Several strategies have been developed to explore the mechanisms of inhibiting cell growth and survival signaling pathways. For example, peptides derived from "interaction surfaces" between critical molecules within death signaling and other pathways competitively inhibit these signals [8] [9] [10] . In addition to these peptides, so called peptidomimetics which are non-peptide molecules that share structural similarities with blocking peptides, are subjects of interest for the pharmacological industry because they are often more stable and also exhibit other favorable properties such as improved cell membrane permeability.
Dysregulation of protein components of diverse growth factors-activated signaling pathways, or alterations in the receptor-kinases themselves are frequently found in vari-ous cancers. Furthermore, the pleiotropic functions of mutated growth factor receptors contribute to drug resistance by blocking apoptotic signaling pathways. Therefore, growth factors and their receptors, as well as other components involved in signaling cascades, are frequent targets for combined cancer therapies [11] . The inappropriate expression of growth factors or their receptors resulting in uncontrolled cell growth and suppression of apoptosis [4, 12] may effectively be blocked by antibodies [13] .
Antibodies may be used in many different ways against cancer and other diseases. For example, antibodies may target specific components of tumor development such as angiogenesis growth factor receptors (e.g. EGFR), thus interfering with ligand-receptor interactions, or directly kill tumor cells through activation of death receptor-mediated pathways [13] [14] [15] . Additionally, antibodies can invoke an immune response by inducing complement-mediated cytotoxicity (CDC) or antibody-dependent cellular cytotoxicity (ADCC).
A synopsis of antibody-based therapies and current development
Attempts to use antibodies against cancer began in the 1950's and relied on polyclonal antibody preparations. The technology however gained feasibility in 1975 when Kohler and Milstein developed techniques for the production of monoclonal antibodies (mAb, identical antibodies directed against specific antigens) [16] . Initially, murine, rabbit and rat antibodies were studied; however, they had several associated problems since they acted as immunogens themselves which were recognized as foreign antigens by the host immune system resulting in generating a humoral response against the therapeutic antibodies. The resulting immune response would then cause occasional, adverse effects such as "serum-sickness" and anaphylaxis. In addition, due to cross-species incompatibilities these antibodies were sometimes unable to stimulate cytotoxic humoral or cellular immune responses such as CDC and ADCC, which are necessary to destroy malignant cells. In order to overcome this problem, chimeric or "hybrid antibodies" were constructed by linking human antibody backbone regions with murine or primate variable regions. More advanced versions of these antibodies were subsequently developed that are known as "humanized antibodies" today (human Ig framework containing only rodent sequences encoding the three complementarity determining regions). These antibodies have shown increased activities to trigger immune responses (both CDC and ADCC) in clinical trials [17] . Since then attempts have been made to further improve the cytotoxic activity of therapeutic monoclonal antibodies. For example, conjugation of therapeutic monoclonal antibodies with β-glucan markedly enhances the recruitment of complement-lytic cascade components, thereby improves their CDC or ADCC activities. For instance, Herceptin (trastuzumab), Rituxan/Mabthera (rituximab) and Erbitux (cetuximab) ( Table 1) promote tumor regression by enhancing the leukocyte-mediated killing of tumor cells coated with the iC3b-receptor in which β-glucan acts via the iC3b-receptor (found on tumor cells) and complement receptor 3 (found on leukocytes). Combinations of mAb and β-glucan have also been shown to significantly increase tumor regression in breast and liver tumor models [18] .
Examples of conjugated (armed) antibodies
Single chain Fv antibody fragments (scFvs) can be engineered to form dimers and trimers by varying the length of their polypeptide linkers. A scFv fragment with a linker length of 3-12 residues cannot fold into a functional Fv domain, and therefore associates with another scFv molecule to form a bivalent dimer. Trimers and tetramers can be formed by further reducing the length of this linker. These molecules have the advantage of increased tumor penetration and faster clearance rates than the parental Ig due to their smaller size. Designing therapeutic antibodies to include the Fc domain prolongs their serum half-life and complement-mediated effects. In addition, antibody fragments can be fused with a wide variety of molecules to gain new functions and altered activities including radioisotopes for cancer imaging, enzymes for prodrug therapy, or lipids for improved systemic delivery [19] .
Bispecific diabodies (also called bispecific antibodies) are formed through the association of two different scFv molecules that each contains a VH and VL domain (variable regions from both heavy and light chain) from a different parental Ig (Fig. 1) . These bispecific antibodies usually recognize two different antigens, hence are able to crosslink different target antigens either on the same cell or on two different cells. As a result, they may efficiently recruit cytotoxic T cells to target cancer cells or effectively activate CDC.
The direct arming of antibodies is a strategy used to enhance the effectiveness of anti-tumor antibodies (Table 1 ). This is accomplished by covalently linking antibodies to molecules or proteins that are used to destroy tumor cells such as radionuclides, toxins or cytokines. The latter stimulates the anti-tumor immune response without the toxicity associated with systemic cytokine delivery. Antibodies can also be armed indirectly by attaching engineered antibody fragments to the surface of liposomes loaded with drugs or toxins for tumor-specific delivery [20] . For example, in preclinical studies anti-HER2 scFv immunoliposomes containing doxorubicin showed increased retention in circulation, and improved efficiency compared to free doxorubicin, non-antibody conjugated liposomal doxorubicin, and the anti-HER2 monoclonal antibody trastuzumab [21] . Another example in this context is Mylotarg (gemtuzumab ozogamicin), a humanized anti-CD33 monoclonal antibody which is covalently linked to the cytotoxin calicheamicin. CD33 is expressed on early myeloid cells, as well as leukemic blast cells, but is rarely expressed outside the hematopoietic system, making it an attractive therapeutic target. Mylotarg binding to CD33 leads to endocytosis, followed by cleavage of the covalent linkage between the antibody and calicheamicin inside the lysosome. The calicheamicin is released and then induces sequence specific cleavage of double-stranded DNA [22] .
Antibodies may also be labeled with a radionuclide either for diagnostic or for therapeutic purposes. Thus the antibodies may serve as vectors targeting tumor antigens; for example radioactive anti-carcinoembryonic antigen antibodies are used in the treatment of colorectal cancer. This strategy works through the accumulation of high-energy β-particles (with a short penetration depth) emitted from a radionuclide ( 131 I, 90 Yt, 111 In) within the tumor. Using this method in conjunction with a gamma-detector also makes it possible to locate and stage tumors [23] . Recently, two radioimmunoconjugates, Zevalin and Bexxar, were approved for treating non-Hodgkin's lymphoma. Zevalin (Ibritumomab Tiuxetan) is a 90 Yt labeled anti-CD20 monoclonal antibody that incorporates β-emitting radioisotopes [24] , while Bexxar (Tositumomab) has the same antigen specificity but is conjugated to 131 I [25, 26] . Antibody-Directed Enzyme Prodrug Therapy (ADEPT), a strategy that employs enzyme immunoconjugates to locally activate prodrugs, uses antigens that are present on tumor cells to direct enzymes to the tumor site. After the enzyme-antibody conjugate has been delivered, and has had sufficient time to bind target cells and be cleared from the system, a prodrug is administered and activated extracellularly at the tumor site [27] . The Rituximab-alliinase->alliin->allicin therapeutic system provides one such example of this strategy. Rituximab is a chimeric mouse/human monoclonal antibody designed to treat non-Hodgkin's lymphoma. It recognizes the CD20 antigen which is expressed on malignant and normal B cells, but is not found on other tissues [28] . The effectiveness of Rituximab is enhanced by being covalently linked (armed) with the enzyme alliinase. The alliinase-Rituximab complex specifically binds lymphoma and B cells, penetrates and kills tumor cells following the injection of alliin (found in plants such as garlic and onion) which is converted by the alliinase to allicin [29] . 
Examples of tumor-associated antigens as desired targets for antibody therapy
Mutations which occur mainly within the components of stimulatory pathways, DNA damage control machinery, cell cycle progression or within genes that control programmed cell death, underlie oncogenic transformation [3, 11, 30] . The acquisition of a malignant phenotype is often accompanied by a change in antigenicity due to the expression of "tumor-specific antigens" (TSA) [31] . Furthermore, genetic instability frequently occurs in cancers that acquire mutations within the myc proto-oncogene, or in the genes encoding proteins that guard cell cycle check-points, which thus contributes to the creation of new fusion proteins with antigenic properties [30] . These changes form the basis for modern mAb-based therapies. More commonly, tumors express "tumor-associated antigens" (TAA) which are present on tumor cells and on normal cells during fetal development [31] . Also, the ethiology of some cancers may be related to viral infections; for example 'hairy' T-cell leukemia is caused by the Human T-cell Leukemia Virus (HTLV) [32] , certain non-Hodgkin B-cell lymphomas are caused by the Epstein-Barr Virus (EBV), and cervical cancer may be caused by certain strains of the Papilloma Virus. However, it is most likely that viral infection only makes cells more prone to cancer (by assisting malignant transformation) rather than being the sole causative agent. Such malignancies may occasionally express "viral antigens", proteins completely foreign to our cells, encoded by viral genetic material [33] .
Targeting of growth-factor receptors by monoclonal antibodies
MAbs can block growth factor receptors overexpressed on cancer cells; including EGFR, TGFαR, VEGFR, IGF-1R, HGFR, Brc-Ab1 kinase, PDGFR, and c-kit [34] [35] [36] [37] [38] . Cancer cells devoid of proper growth and/or survival signals either die, or became more sensitive to conventional chemo-or radiotherapy. Antibodies are also tested for being used in targeting tumor angiogenesis. Thus, besides VEGF, other targets for monoclonal antibody-based anti-angiogenetic therapies include the basic fibroblast growth factor, several other growth factor receptors and a number of cell adhesion molecules [39] . To date, 17 antibodies have been approved by FDA, eight of them are used to combat malignant diseases (Table 1 ) [39] . Below, we discuss in more detail some of the recent advances in antibody-based cancer therapies.
Therapeutic inhibition of receptor-tyrosine kinases that propagate growth or survival signals
One of the fastest and most efficient ways for a cell to receive signals, both generated by cell-cell interaction and by humoral messengers, is via cell surface receptors coupled with kinases known as receptor tyrosine kinases. All 16 structural tyrosine kinase sub-families, each dedicated to its complementary family of protein ligands, function in the same way. The binding of a signaling protein to the ligand-binding domain in the extracellular part triggers receptor dimerization or oligomerization which in turn causes an intracellular rearrangement of the kinase domain and its consequent activation. The neighboring activated kinase domains cross-phosphorylate each other at multiple tyrosine residues (autophosphorylation), and then activate other proteins by transferring a phosphate group from ATP to their phosphoreceptor sites. Most of the proteins activated by the receptor tyrosine kinases are also kinases themselves whose activation leads to an expanding cascade of phosphorylation within the cytosol leading either directly to the phosphorylation of transcription factors and subsequent activation of cell growth, proliferation, differentiation and cell survival, or indirectly to activation of a second messenger which mediates the cell's behavior. The most frequently dysregulated receptor tyrosine kinases in human cancers are members of the epidermal growth factor ErbB receptor family (ErbB1/EGFR, ErbB2/ HER2/neu, ErbB3/HER3, and ErbB4/HER4), which regulate cell proliferation through the Ras-mitogen-activated protein kinase (RAS/MAPK) pathway and cell survival and transformation through the phosphatidylinositol 3-kinase (PI3K/AKT) pathway [40] . Interestingly, PTEN, the phosphatase that negatively regulates the PI3K/AKT-pathway, is also frequently mutated in metastatic cancers [41, 42] . Among the four HER family receptors, most attention has been given to ErbB1/EGFR and ErbB2/HER2/neu [10, 11] discussed below.
ErbB2/HER2/neu; an effective therapy target for solid tumors and hematologic malignancies
The ErbB2/HER2/neu pathway gained a lot of attention as a possible therapeutic target when mAb mumAb4D5 was shown to be capable of recognizing the extracellular domain of HER2/neu and inhibiting the growth of breast cancer cell lines via ADCC [43] . mAb mumAb4D5's recognition of the desired domain was accomplished by immunization with the NIH 3T3 line that overexpresses the HER2 [43] . In 1992, Carter et al. created a recombinant humanized version of mumAb4D5, called rhumAb4D5, to eliminate the risk of immunological consequences of mouse antibodies administered to humans [44] . rhumAb4D5 possesses a three-fold higher affinity for ErbB2/HER2/neu and also mediates ADCC in breast tumor lines. rhumAb4D5, named trastuzumab or Herceptin, became the first clinically approved mAb-based drug that targets an oncogene product. Trastuzumab also increases the amount of hypoxia-induced cell death in breast cancer cells by blocking the pro-survival signals delivered by EGFR1. Experimental evidence further indicates that trastuzumab enhances the responsiveness of ErbB2-overexpressing breast cancer cells to taxanes, anthracyclines, and platinum compounds (cisplatin, vinorelbine/navelbine, doxorubicin, paclitaxel) [45] . Treatment with trastuzumab is well tolerated, with low-grade fever, chills, and fatigue observed frequently, but mostly only after the first administration. A combinatorial treatment of trastuzumab with doxorubicin or paclitaxel, nevertheless, causes increased cardiotoxicity, via an unknown mechanism, and marked lung metastases.
Therapeutic targeting of ErbB1/EGFR in recent clinical trials
The ErbB1/EGFR signaling pathway has recently been successfully targeted by cetuximab, a humanized mAb, which is marketed under the name Erbitux. Erbitux has been tested for the treatment of a variety of aggressive cancers, including HNC, colorectal, NSCLC and pancreatic cancer. In all cancers, Cetuximab successfully increased the average survival rate of patients and stabilized the progression of the disease when combined with other drugs. In HNC, Cetuximab has also been tested in combination with chemotherapy and radiotherapy [46] . A combination of Cetuximab with cis/carboplatin and 5-fluorouracil was tested by Cunningham et al. (2004) and showed an increased disease control rate. In colorectal cancer, the combination of Cetuximab and irinotecan significantly increased the response rate, and stalled the progression of the disease [47] . In NSCLC, a combined treatment of Cetuximab with paclitaxel and carboplatin, or gemcitabine and carboplatin, led to an increased survival rate. The same results were obtained by combining Cetuximab and docetaxel to obtain a 66% rate of stable disease. A phase II trial of Cetuximab and gemcitabine has recently been published for treatment of pancreatic cancer [48] and demonstrated the same increased rates of one-year progression-free survival and overall survival. Mucositis, which is the most common radiation-related side effect was not enhanced by concomitant Cetuximab therapy [49] . Phase II studies focusing on Panitumumab (ABX-EGF), which binds EGFR with high affinity, revealed promising results, showing the stabilization of disease progression, and dose dependent skin toxicity as the only major side effect [50] . Matuzumab (EMD 72000), which is another humanized antibody that binds to EGFR receptors, has also recently entered clinical trials [51] . A phase I study of combinatorial treatment with Matuzumab and gemcitabine in advanced pancreatic cancer has shown a stabilization of disease progression in 8 of 17 patients [52] .
A new strategy targeting the EGFR pathway is a combination treatment of mAbs and tyrosine kinase inhibitors. An increased inhibition of EGFR-dependent signaling, and therefore an induction of apoptosis, could be achieved by combinatorial therapy with gefitinib [53] or erlotinib [54] and Cetuximab. In addition, the concomitant use of two mAbs (two-antibody therapy) might be a promising strategy towards the inhibition of tumor growth, and averting of the progression of disease. mAbs either targeting different parts of the same receptor, or different ErbB receptors, may result in interference in the formation (dimerization) of active signaling complexes.
Vascular endothelial growth factor (VEGF) and its receptor as therapeutic targets
VEGF is a member of PDGF family which stimulates angiogenesis and lymphangiogenesis, and increases the permeability of vascular endothelium. VEGF receptors are highly expressed in vascular endothelial cells and play an important role in the regulation processes of physiological and pathological growth and development, and in the maintenance of blood and lymphatic vessels. Overexpression of VEGF has been found in various tumor samples and correlates with high expression of VEGF receptors, which in turn leads to an increase in tumor proliferation and poor survival. Bevacizumab (Avastin) is a humanized mAb against VEGF which inhibits VEGF-induced uncontrolled angiogenesis and lymphangiogenesis, and therefore tumor formation and growth. Hurwitz et al. showed an increase in median survival, progression free survival, response rate and duration of response in a phase III trial with colorectal cancer patients [55] . The observed toxicity, which was mainly in the form of hypertension, was low, but more severe side effects like drug administration-related bleeding to the central nervous system and perforations within the alimentary tract have sporadically been reported. Furthermore, renal cancer represents a suitable target for Bevacizumab because the major etiologic event in this cancer is an upregulation of VEGF, induced by a biallelic loss of the von Hippel-Lindau tumor suppressor gene. In contrast, no significant differences in a phase III study with metastatic breast cancer patients could be seen. The use of Bevacizumab in combination with gemcitabine for pancreatic cancer is currently under investigation. In HNC, angiogenesis has been linked with tumor progression, which is why a combinatorial treatment with mAb and tyrosine kinase inhibitors might be a successful approach in this case. Current studies evaluating a combinational treatment with Bevacizumab and erlotinib [56] demonstrate an increase in disease stabilization. Bevacizumab and erlotinib are also being tested in NSCLC [57] , in metastatic renal cancer and breast cancer.
Epilogue
As shown by the above examples, TAA-directed antibodies are increasingly being used in clinical settings. As mutation mapping, SNP mapping and other genome-wide screening approaches become more popular [58] it is predictable that in parallel to identifying more TAAs, the monoclonal antibody-based treatment of cancer and also autoimmune diseases will become more common. Although monoclonal antibodies are considered to be potential "magic bullets" for cancer and other disease treatments, there are certain problems that limit their application and need to be solved. Various factors are responsible for the low efficacy of antibodies. First, incomplete antibodies like those discussed in the first section of this review have short in vivo half-lives and do not kill cells with great efficiency, and furthermore they do not always fix human complement or elicit ADCC with human mononuclear cells. Also, in many cases they are not directed against growth receptors that are essential for cell survival and proliferation [59] . Conjugated antibodies in which drugs, toxins or radionuclides are attached to naked monoclonal antibodies have been constructed, but only a few of them are currently used for therapy due to multiple side effects. The side effects are typically results of the substances that are attached to a particular antibody. Above all, unless so called 'humanized antibodies' are developed there are immunogenity problems irrespective of whether the antibody is naked or conjugated. Monoclonal antibodies produced in mice trigger an immune response when injected into humans producing HAMA (human anti-mouse antibodies). This results in the elimination of therapeutic antibodies from the host and also causes the formation of immune complexes that can result in damage to the kidneys. Monoclonal antibodies raised in humans would lessen this problem, but most attempts made so far have been unsuccessful. This problem has been reduced, to some extent, by the use of genetic engineering to produce mouse-human hybrid antibodies (e.g. Infliximab, Rituximab, Vitaxin etc.) Human IgG 1 is the most widely used chimeric monoclonal antibody for tumor therapy as it effectively triggers ADCC by mononuclear effector cells, activates human complement [60] , and has an extended plasma life [61] . However, human IgG 1 also binds to Fc receptors on non-cytotoxic cells such as FcγRII on platelets and B cells, FcγRIIIb on PMNs, and Fc receptors which even inhibit effector cell activation (such as FcγRIIb on monocytes/macrophages). This interaction with the inhibitory FcγRII isoform was demonstrated to diminish Herceptin's activity in animal models [62] . To overcome the difficulties associated with monoclonal antibodies, bispecific antibodies have been proposed. In vitro studies have shown that chemically-linked bispecific antibodies directed against the Fcγ, Fc γRIII(CD16), FcγRI(CD64), and the FcαRI(CD89) receptors were more effective than conventional antibodies. Animal studies have also confirmed the efficacy of these molecules, but results from clinical trials have been less promising because of their short plasma half-lives comparing to conventional antibodies.
Furthermore, antibody structure also has a profound effect on tumor targeting. IgG, a large protein of approximately 150 kDa in mass, has slower kinetics in distribution and severely limits tissue penetration comparing to small molecules. Thus, alteration of antibody structure can improve quantitative and selective tumor targeting [63] . In spite of the potential difficulties mentioned above, at least 17 monoclonal antibodies have been approved by FDA, while many more are still in clinical trials. Moreover, some of these antibodies are also used effectively in combination with chemotherapy. It is expected that as we learn how to improve the pharmacokinetic properties of antibodies, and diminish their adverse interactions with the immune system, monoclonal antibodies will gain importance as therapeutic molecules, either alone or in combination with the "classical" cancer radio-and chemotherapy.
